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Introduction
Competition of the electrostatic interaction and entropy of mobile charges causes accumulation of charged counterions to oppositely charged surface of the polyion. 1 This effect can be comprehended within the framework of the Manning-Oosawa (MO) counterion condensation theory in which counterions accumulate in a vicinity of cylindrical surface of the polyion if the charge density parameter η > 1 (η = l B /b, b = l/N ). 2, 3 b is the linear charge density, l is the polyion contour length and N is the number of charged monomers. l B is the Bjerrum length which is the length at which electrostatic interaction between charges equals their thermal motion
e 0 is the elementary charge, z 1 and z 2 are valences of charged species, ε 0 is the permeability of vacuum, ε r is the dielectric constant of the solvent, and kT is the thermal energy. So looking back η can also be interpreted as the measure of electrostatic interaction strength relative to the thermal motion. Counterions will accumulate in a condensation layer until they effectively reduce the value of η to one, i.e. until they effectively increase separation between the polyion charges from b to l B . The fraction of condensed counterions is given by 1 − 1/η where fraction of non condensed counterions is
For small enough charge densities screening of mobile ions in the solution can be described 
is the concentration of a charged species of valency z i . The meaning of a κ −1 is very important when visualizing electrolytes since ion would sense solution distanced from it for more than the κ −1 as electroneutral due to screening from other ions. But the DH approximation is only valid for a system with low charge densities as compared to the kT, i.e. for weakly charged polyions whose linear charge density is much lower than 1 charge per Bjerrum length (η 1).
Structure of a semidilute highly charged polyion will be determined by the electrostatic repulsion of charged groups and will locally adapt rodlike structure with cylindrical symmetry.
This enables construction of equipotential cylindrical volumes. Importance of constructing equipotential volumes is a possibility to cover all the polyelectrolyte with such volumes. This is in principle enough to model properties of the entire system. Lifson and Katchalsky (L-K) took this approach in 1950's 4, 5 and solve PB equation exactly. They obtain monotonically increasing potential with increasing distance from polyion. That directly produces a monotonic decrease of the counterion radial distribution function. Such approach is not viable when considering added salt solutions. In order to model potential of solution with high added salt (c > 10mM) approach based on MO counterion condensation theory is used. 6, 7 The potential there is much more complicated as compared to one in pure water solutions.
For dilute solutions in which distance between the polyions (ξ) is far greater than their contour length (l) equipotential surface is sphere like. 8 For such equipotential surface the PB equation cannot be exactly solved. To deal with spherical equipotential surface theories which exploit numerical calculation arrived in 2000's. [9] [10] [11] Experimental study of colligative properties of polyelectrolytes started with measuring the osmotic pressure. [12] [13] [14] [15] [16] Osmotic pressure can be linked with electrostatic potential since the prevailing view is that only "free" counterions contribute to osmotic pressure. Experiments showed apparent deficit in osmotic pressure of highly charged polyions (η > 1) which lead to the conclusion that only "free" counterions contribute to the osmotic pressure and that others are condensed on the polyion. Their mutual ratio was in very good numerical agreement with the MO condensation theory. 3, 17, 18 Ito et al. showed that there exists a more direct method of probing the p-c potential. 19 The characteristic length L obtained by dielectric spectroscopy depends on the polyion concentration (c); L ∝ c −0.33 and L ∝ c −0.5 for dilute and semidilute solution respectively. These dependences are equal to dependencies of the distance between polyions (ξ) 20 so Ito et. al concluded that L measures ξ. But the value of L for semidilute solutions is much closer to the value κ −1 of non condensed counterions than to the value of ξ. 21, 22 On the other hand in dilute solution L ∝ c −0.33 which is the same dependence as one would expect for ξ but not for κ −1 (which should remain the same as for semi-dilute solution κ −1 ∝ c −0.5 ). 19, 23 So there
is still an open question about the interpretation of the L, does it measure ξ or κ −1 or, most probably, neither of them.
From the 1975. it is known that ds DNA can be denatured to ss DNA by high temperature. 24 We have done a study in which we change the distance between polyions by heat denaturing double stranded (ds) DNA into single stranded (ss) DNA. The measured change of L could be explained by shrinkage of the distance between polyions. Using de Gennes theory we can calculate prediction of the shrinkage
The change is in very good agreement with one experimentally obtained for the Na-DNA and this also mislead some authors 22 to conclude that L is equal to ξ. Unfortunately upon denaturation κ −1 also changes by the exactly same value as ξ.
With the denaturation experiment one cannot distinguish if L measures ξ or κ −1 but with the following experiment one can. Polyelectrolytes used in this study were chosen to have different values of l b (f ). ξ we have regulated with polyion concentration. Obtained data suggest that Ito's interpretation, i.e. to obtain solutions without added salt. Finally, samples in the concentration range 0.01g/L < c m < 5g/L were done according to the protocol I. from Ref. 26 Except the Na-PSS, the samples with the lowest produced concentration of 0.01g/L was above de Gennes dilutesemidilute crossover value which means that all produced samples were in semidilute regime.
For them distance between polymers are equal to de Gennes correlation length ξ ∝ (bn) −1/2 .
Here n is the number concentration of monomers. 20 Sometimes it is more appropriate to since ssDNA absorbs around 40% more electromagnetic radiation than dsDNA of the same concentration at 260 nm. 38 For a 0.05 g/L dsDNA we choose absorption to be one (A=1) and that fix extinction coefficient value to ε = 20L/gcm for a dsDNA and around ε = 29L/gcm for a ssDNA. More about UV spectrophotometry can be found in our previous publication. 42 Our DS technique uses in house built capacitive chamber whose distance between parallel plates is l = 0.1021±0.0001cm and the chamber constant corresponding to the sample volume of 100 µL is the l/S = 0.1042 ± 0.008cm −1 . The capacitive chamber enables reliable complex admittance measurements with reproducibility of 1.5% of sample with conductivities in the range 1.5 − 2000µS/cm. 26 With the same chamber we can also obtain another electrode separation l = 0.1558 ± 0.0001cm. With the Agilent 4294A impedance analyzer we sweep through frequency range ν = 100 Hz − 15 M Hz. Ac amplitude of the 50 mV was chosen to probe samples after establishing that measurements are independent of applied voltage in the range from 5-1000 mV. Measurement of all samples (0.01g/L < c < 5g/L) including preparation of 5g/L mother solution was done within 12 hours. More detailed description of technique can be found in our previous publications. 26, 39, 40 Since we model our equivalent circuit as parallel our raw data consist of the conductance G(ω) and capacitance C p (ω). Increment of dielectric function we obtain as
where ε * can be obtained as ε * = ∆ε+ε ∞ , where ε ∞ is the high-frequency limit of ε * . On Fig. 3 we show raw G and C spectra for typical polyelectrolytes and reference electrolyte. In that way we would be able to extract relaxation caused by polyion/polyelectrolyte since our reference sample should not contain it. By such simple subtraction we obtain increment of dielectric function ∆ε of polyelectrolyte as compared to electrolyte. Such measurement subtraction method are followed by comparison of increments of dielectric functions obtained with two different electrode separations which we show on Fig. 4 . We see data starts not to differ at exactly 2 * 10 4 Hz which we previously recognize as frequency up to which electrode polarization dominates data. Next we see that parameters of lower frequency relaxation has large uncertainties and that parameters of higher frequency relaxation are almost identical.
Because of that we decided not to further process lower frequency data and process only higher frequency data for which we prove that they are not dominated by electrode polar- Assumption that polyion diffusion is negligible compared to counterion is justified since DNA polyion has much smaller diffusion constant. 22 In this report we will focus only to On Fig. 6 we show L vs ξ for different polyions with different counterions. Firstly we see that L is shifted from the ξ (diagonal dotted line). This shift is around the factor of 5. That value is similar as in previously published data. 51 In that paper authors found that 2πL corresponds to ξ. They speculated 2π is simply due to a factor in Einstein-Smoluchowski equation. All polyelectrolytes on Fig. 6 are semidilute except NaPSS for (bn) −1/2 > 100 which are dilute. That is the reason why their value differs from the values of all semidilute polymers and that is known for 30 years. Fig. 3(a) from the reference 19 clearly showed that (more information available in SI).
In is easy to calculate ξ in semidilute solutions since intra-polyion and inter-polyion distance are the same ξ = (bn) −1/2 . For dilute solution they are different. They have bimodal distribution of values since it has smaller value for distance between chain segments of the same chain and larger value for distance of two chains. So for semidilute solution one can use single value for ξ but for dilute solution one must use distribution of ξ to calculate L. Thus NaPSS N=3800 [19] NaPSS N=3300 NaPSS N=3300 NaPSS N=3300 is the reason why on the Fig. 6 we only show prediction of our model for semidilute Na-DNA and Mg-DNA. The drop of L for NaPSS as it enters dilute solution is expected since ξ of dilute solution is smaller as compared to the semidilute solution. This is known from 1990. 19 Secondly, polyelectrolytes with monovalent counterions have 30% lower L when compared with divalent counterions. That can be clearly seen in the range 90 < (bn) −1/2 < 330.
This must be somehow linked with electrical property of polyelectrolytes. Polyelectrolyte linear charge density b differs among these polyelectrolytes and we argue that it influences p-c potential which in turn influences counterion movement. In order to explain our experimental data we propose the following model where r a is radius of polyion which is for DNA taken to be r a = 1nm.
• (Radial) distribution function g(r) is obtained from potential as g(r) = exp(−V (r)).
The following is the normalized form of g(r) that is used in calculations • Free energy of a Na-DNA system in a state with a dipole µ is calculated as f (µ) = 1−x 1 V q(x)dx. We need to express the dipole moment as a function of µ(x). Dipole moment is given by µ = xg(x)d 3 x. In the evaluation of free energy we made two assumptions. On Fig. 7 we plotted the value of g(x) obtained using Eqn. 7. It can be seen that distribution function only slightly depends on position x. In the case of Na-DNA its value varies less than 4%. In the case of Mg-DNA its variation is even lower.
That enables us to use position independent counterion distribution function g = const.
l B ξ -1 -r a /ξ 0 1 1+x r a /ξ x Figure 9 : Counterion redistribution facilitated by electric field E expressed as normalized cell radius 0 < x < 1. Height of cell (cylinder) is chosen in a way that there is only one charge in the cell (height is equal to l B ). That means height is 0.72nm and 1.44nm for Na-DNA and Mg-DNA respectively.
That is in accord with theoretical work of Deshkovski et al. 9 For polyelectrolyte they showed that number of localized counterions in 3D space does not depend on r for a saturated condensation phase. The second assumption was made on free energy. We neglect free energy contribution of charge redistribution in the position from 1 to 1+x.
Taken these two assumptions we obtain f (µ) = 2Aq
were g = ξe 0 /(4 * (1 − r a /ξ)).
• Now we combine all those separately obtained pieces into the final expression for average dipole moment of Na-DNA
In order to evaluate integrals from expression 10 we need to specify value of ξ. We specify values which correspond to concentration of Na-DNA used in our experiments.
For all of them we obtain following result:
L =< µ > /e 0 = 0.25ξ (11) The same result we obtained for Mg-DNA. This result is valid for semidilute as well as for dilute solutions and with full lines on Fig. 6 we showed its prediction for semidilute solution. NaPSS with N=3300 around (bn) −1/2 = 100 nm enters dilute regime and that is the reason for their departure from the line for (bn) −1/2 > 100 nm.
DISCUSSION
Since 1990's the dominant interpretation of L for a semidilute solution is that it spans exactly the same distance as ξ. 19 For both dilute and semidilute solutions L has the same concentration dependence as ξ and change in concentration dependence are at similar values as theoretically expected for dilute to semidilute crossover. That leads many to believe that L measures ξ. 19, 21, 22, [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] Actually, ξ can be obtained from characteristic wave-vector (q m ) from small angle X-ray scattering (SAXS) intensity. 25 It is in perfect agreement with theoretically predicted by ξ = (bn) −1/2 and it is 6 times larger than L measured by DS 22, 51 suggesting that L is not a measure of ξ
Using counterions of two different valences we saw a discrepancy which cannot be explained with the existing model because ξ should not be ion dependent and our measured L is ion dependent. We proposed a new model for characteristic length obtained from dielectric spectroscopy of pure water dilute and semi-dilute solutions. We argue that it measures the average dipole moment < µ >. In order to calculate the average dipole moment one needs to know only one variable; polyion-counterion potential of mean force. From it counterion distribution function can be obtained.
We modeled the polyion with effective line charge situated in the center axis of a hard cylinder with radius which exactly encapsulates the real polyion. This line charge is equal to polyion charge if polyion is weakly charged while in the case of strongly charged polyion effective charge is given by MO condensation theory. With few assumptions that greatly simplify the calculation but all of which we justified either with experimental data or calculus, or both, we get good agreement of calculated/modeled < µ > with our experimentally obtained L. It is interesting to notice that the agreement is perfect in the case of divalent DNA/polyions but slightly less good in the case of monovalent DNA. The reason for that is that we used assumptions which are better suited for divalent counterions. We as- They found that anisotropy of the electric polarizability in salt-free solutions decreases with increasing polyion concentration and that this decrease is proportional to second or higher power of molecular weight. 56, 57 Another phenomena expected for infinitely dilute polyelectrolyte in excess of simple salt is polarizability of condensed counterions parallel to polyion. 58 All this complicated phenomena, longitudinal and transverse polarization, different electric potential of edges as compared to mid region can be avoid by carefully designing experiments, in particularly in experiment with long polyions in semidilute solutions. Maybe that is the reason why nobody before did not discover such universal behavior of polyions and that is also the reason why we manage to explain our data with a very simple theory/model. Maybe more theoretical effort should be put in order to first fully understand such relatively simple regime of long semidilute polyelectrolyte and then one should try to better understand more complicated regimes like dilute and short polyelectrolytes.
The importance of this new interpretation is that one can verify polyelectrolyte potential.
Knowing polyelectrolyte potential one can model polyelectrolyte properties. First on that list should be the osmotic pressure. Conductivity has probably more complex dependence on the potential but it should also be governed by potential.
We took the most simple potential but there are also other suggested polyelectrolyte potentials. 11, 53 Only exact mathematical formulation of the average dipole moment would discriminate the one which best agrees to experimental data. Now the question remains about interpretation of L in solutions with added salt on which both theoretical and experimental work is needed. Good theoretical foundation already exist. 1,6,7
CONCLUSION
If one would know the polyelectrolyte potential many of its mysteries would be understood, so there is a great need for experimental method which can test the polyelectrolyte potential.
Such method is dielectric spectroscopy. From 1990 researchers believe that characteristic length of counterions relaxing in 10 5 Hz − 10 7 Hz covers distance between two polyions, i.e. distance that has the same value as correlation length ξ. If this is correct it should not depend on counterion valency but we showed that it does. Moreover ξ measured by SAXS is 6 times longer than L both of which suggest that L does not measure ξ. So there is a need for new interpretation of L. With the simplest possible model of a polyion we have shown that DS measures average dipole moment of polyelectrolytes which depends only on one parameter; p-c potential. This means that indirectly DS probes the polyion potential.
Our model better predicts measured data than old model. We would like to add that we perturb counterions by energy which is more than 1000 times smaller than kT which means that we measure potential of "unperturbed state".
Associated Content
In supporting information we provide proofs that fitting parameters of higher frequency relaxation are precisely determined despite the electrode polarization which prevents precise determination of parameters of lower frequency relaxation. We also proofs that parameters of higher frequency relaxation are in accord with the Ito et. al data. 19 At the end we argue that deviation of L for dilute samples as compared to semidilute is expected. This information is available free of charge via the Internet at http://pubs.acs.org/.
